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ABSTRACT
This work presents the observations and analysis of ATLAS19dqr/SN 2019bkc, an extraordinary rapidly evolving transient event
located in an isolated environment, tens of kpc from any likely host. Its light curves rise to maximum light in 5− 6 d and then display
an decline of ∆m15 ∼ 5 mag. With such a pronounced decay, it has one of the most rapidly evolving light curves known for a stellar
explosion. The early spectra show similarities to normal and “ultra-stripped” type Ic SNe but the early nebular phase spectra, reached
just over two weeks after explosion, display prominent calcium lines, marking SN 2019bkc as a Ca-rich transient. The Ca emission
lines at this phase show an unprecedented and unexplained blueshift of 10 000 – 12 000 km s−1. Modelling of the light curve and
the early spectra suggests that the transient had a low ejecta mass of 0.2 − 0.4 M and a low kinetic energy of (2 − 5) × 1050 erg,
giving a specific kinetic energy Ek/Mej around unity. The origin of this event cannot be unambiguously defined. While the abundance
distribution used to model the spectra marginally favours a progenitor of white dwarf origin through the tentative identification of Ar ii,
the specific kinetic energy, which is defined by the explosion mechanism, is found to be more similar to an ultra-stripped core-collapse
events. SN 2019bkc adds to the diverse range of physical properties shown by Ca-rich events.
Key words. supernovae: individual: SN 2019bkc
? Partially based on observations collected at the European Organisa-
tion for Astronomical Research in the Southern Hemisphere under ESO
programmes 199.D-0143 and 0102.D-0137(A).
1. Introduction
The advent of large-scale high-cadence transient surveys in the
past decade has led to the discovery of new classes of transients
that lie significantly outside the parameter space of traditional
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classes of supernovae (SNe). In particular, the many repeat visits
to the same patch of sky has led to a dramatic increase in the
number of transients that are much faster evolving than typically
seen in more traditional events – SNe Ia, Ibc, II. Some of these
are highly luminous and rapidly evolving (Prentice et al. 2018b;
Pursiainen et al. 2018; Drout et al. 2014; Poznanski et al. 2010),
while others are faint and fast evolving events (e.g. Perets et al.
2010; Kasliwal et al. 2010; Drout et al. 2013; Valenti et al. 2014;
Inserra et al. 2015). These faint events were missed in shallower,
lower cadence surveys and recent results suggest there may be
large populations of these events that previously went undetected
(e.g. Frohmaier et al. 2018).
The untargeted nature of these recent transient searches com-
pared to previous galaxy-targeted surveys has also resulted in a
more complete census of transients occurring in locations that
are significantly offset (>10 kpc) from their host galaxy cen-
tres. Of particular interest are the class of so-called ‘Ca-rich’
transients, that are named after the unusually strong forbidden
[Ca ii] emission (relative to typical [O i] lines) that develop in
their spectra a few months after maximum (for a definition see
Kasliwal et al. 2012). At early times, the spectra of most Ca-
rich events show He i features with SN-like velocities of ∼10000
km s−1 and they are most commonly classified as peculiar Type
Ib SNe from maximum-light spectroscopy (Perets et al. 2010;
Gal-Yam 2017). However, their fast evolution to an optically thin
regime (‘nebular phase’) and large [Ca ii] to [O i] ratio differen-
tiates them from typical Ib SNe. Although the sample size of
Ca-rich events is small because of their faintness and fast evo-
lution, the intrinsic rate of Ca-rich transients is measured to be
very high at 33–94 % that of the local volumetric SN Ia rate
(Frohmaier et al. 2018).
The majority of Ca-rich transients occur in an unusual pa-
rameter space of galaxy environments – they prefer galaxy group
environments with large offsets from early-type galaxies, sug-
gestive of an association with an old stellar population (Perets
et al. 2010; Lyman et al. 2013, 2016; Lunnan et al. 2017). Strict
limits on underlying dwarf galaxies or globular clusters have
also been placed (Lyman et al. 2013, 2016). Their preference
for offsets from their potential host galaxies can be explained by
a very old metal-poor stellar population (Yuan et al. 2013). The
observed (and unexplained) Ca enrichment of the intra-cluster
medium can be explained with a significant rate of Ca-rich tran-
sients (Mulchaey et al. 2014; Frohmaier et al. 2018).
The origin of Ca-rich events is an area of much debate and
a number of explosion channels have been suggested. The most
obvious explanation given their preference for remote locations
in galaxy group and clusters is a system involving a white dwarf.
Proposed models involving a white dwarf include a He-shell det-
onation on the surface of white dwarf (Perets et al. 2010; Shen
et al. 2010; Woosley & Kasen 2011; Waldman et al. 2011; Sim
et al. 2012), the tidal disruption (and detonation) of a white
dwarf by an intermediate-mass black hole (Rosswog et al. 2008;
MacLeod et al. 2014; Sell et al. 2015), or the merger of a white
dwarf with a neutron star (Metzger 2012; Margalit & Metzger
2016). The white tidal disruption model is expected to produce
an X-ray signature (e.g. Sell et al. 2015), which has not been ob-
served in a Ca-rich event as of yet. To explain the large offset and
the lack of underlying stellar population, it has been suggested
that the objects were not formed at their explosion positions but
travelled to these locations perhaps due to a SN kick (Lyman
et al. 2014) or interaction with a supermassive black hole (Foley
2015). However, one argument in favour of this ‘kicked’ sce-
nario based on the line shift of the [Ca ii] feature (Foley 2015)
has been questioned by Milisavljevic et al. (2017) because of the
lack of a coeval observed shift in the O i lines. Nethertheless,
there is still a relative lack of Ca-rich SNe within galaxies which
would need to be explained. The need for formation at a differ-
ent location to explosion is somewhat mitigated by the discovery
of the association of these events with group or cluster environ-
ments since the intracluster space may contain more stars due
to galaxy-galaxy interaction and galaxy mergers than typically
found at large distances from galaxies in non-cluster environ-
ments. Additionally, SNe Ia can be found in these environments
(Gal-Yam et al. 2013).
A minority of events that show Ca-rich spectra at late times
have also been detected in star-forming galaxies, such as the
unusually slowly evolving and brighter than normal iPTF15eqv
that also displayed Hα emission in its late-time spectra (Mil-
isavljevic et al. 2017) or with double-peaked light curves (SN
2014ft/iPTF14gqr and iPTF16hgs; De et al. 2018b,a). It is likely
that the events associated with higher star-formation environ-
ments are not members of the strict class of ‘Ca-rich’ events as
defined (see Kasliwal et al. 2012; Lunnan et al. 2017) and their
progenitor may be towards the lower end of the core-collapse
progenitor mass range (< 12 M, see Suh et al. 2011; Milisavl-
jevic et al. 2017; De et al. 2018a), perhaps ones that are highly
stripped in binary systems (Tauris et al. 2015; Moriya et al.
2017).
In this work we present the observations and analysis of the
rapidly evolving Ca-rich transient, ATLAS19dqr/SN 2019bkc,
which shows, for the first time in a Ca-rich event, a very large
shift in its [Ca ii] lines of nearly 11 000 km s−1 at ∼3 weeks after
explosion. An analysis of SN 2019bkc was presented in Chen
et al. (2019) in which they noted its rapid light curve and clas-
sification as a “peculiar SN I” but lacked the late-time spectra
that confirm it to be of the Ca-rich class. Stricter pre-detection
photometry limits presented here also place tighter constraints
on the evolution of the early-light curve (Section 3). In Section 2
we discuss the discovery and host-environment, while the photo-
metric and spectroscopic data are presented in Sections 3 and 4
respectively. In Section 5 the photospheric spectra are modelled
in order to determine physical characteristics of the explosions.
Section 6 covers the discussion of our results and the possible
scenarios that may have led to this explosion. finally, in Section 7
we bring together our conclusions and summarise the paper.
2. Observations
ATLAS19dqr was discovered by the ATLAS survey (Tonry et al.
2018) on 2019-03-02 10:24:57 UT (MJD 58544.43) at a mag-
nitude of 17.59 in the ATLAS o band (Tonry et al. 2019). It
was subsequently reported to the Transient Name Server1 (TNS)
and was given the designation of SN 2019bkc, which we use
throughout. There were robust non-detections in the ATLAS o-
band on the 4 individual 30 second frames taken around the mean
time of MJD 58540.45. Forced photometry on each of these pro-
vided a flux limit and the weighted mean and standard deviation
of these flux measurements was 5.2 ± 14.4 µJksy. This corre-
sponds to a 3σ upper limit of o > 19.8 AB mag. The tran-
sient had been observed prior to the ATLAS discovery by the
Zwicky Transient Facility (ZTF; Bellm et al. 2019) on 2019-02-
27 06:07:40 UT (MJD 58541.26) at g = 18.9±0.1 mag, obtained
from the LASAIR broker (Smith et al. 2019).
Multi-colour ugriz photometry with the IO:O imager on the
Liverpool Telescope (LT; Steele et al. 2004) commenced on
1 https://wis-tns.weizmann.ac.il/
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Fig. 1. Stacked archive PanSTARRS g-band image showing galaxies in the region around SN 2019bkc (square). The labelled galaxies are at the
redshift of the NGC 3090 galaxy group (z = 0.020), apart from two significantly more distant galaxies at z = 0.188 (labelled A and C) that are
within 100 arcsec of the position of SN 2019bkc.
Table 1. Galaxies with measured redshifts within 400 arcsec of the position of SN 2019bkc. The labels (A–J) correspond to those shown on Fig. 1.
Galaxy z Angular separation Projected distance
[arcsec] [kpc]
A - 2dFGRS TGN216Z080 0.188 69.29 306.7
B - 2dFGRS TGN216Z084 0.019 84.58 34.1
C - 2dFGRS TGN216Z082 0.188 88.19 393.7
D - 2dFGRS TGN216Z079 0.018 140.28 52.0
E - 2dFGRS TGN216Z089 0.022 160.51 74.5
F - 2dFGRS TGN217Z150 0.023 187.02 91.0
NGC 3090 0.020 219.02 94.6
*G - 2dFGRS TGN216Z085 0.043 225.02 209.8
NGC 3086 0.023 234.56 113.0
†6dFGS gJ100027.0-025650 0.022 270.67 128.9
H - 2dFGRS TGN216Z069 0.023 297.15 145.9
I - 2dFGRS TGN216Z072 0.020 365.04 159.0
†2dFGRS TGN216Z103 0.022 365.86 171.2
NGC 3092 0.020 373.83 158.0
J - 2dFGRS TGN217Z145 0.019 399.60 147.7
†Outside the field of view of Fig. 1
*This is an updated redshift obtained with the LT:SPRAT. The previously reported redshift from Colless et al. (2001) was z = 0.0003.
2019-03-03 22:34:54 UT (MJD 58546.02) and was reduced us-
ing the standard IO:O pipeline. Aperture photometry was per-
formed on the field using a series of custom python scripts util-
ising pyraf and calibrated to the Sloan Digital Sky Survey pho-
tometric system (Ahn et al. 2012).
SN 2019bkc was also observed as part of the GREAT survey
(Chen et al. 2018), using the Gamma-Ray Burst Optical/Near-
Infrared Detector (GROND; Greiner et al. 2008), a 7-channel
imager that collects multi-colour photometry simultaneously in
the g′r′i′z′JHKs bands, which is mounted at the 2.2 m MPG
telescope at European Southern Observatory (ESO) La Silla Ob-
servatory in Chile. The images were reduced by the GROND
pipeline (Krühler et al. 2008), which applies de-bias and flat-
field corrections, stacks images, and provides astrometric cali-
bration.
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Optical spectroscopy of SN 2019bkc using SPRAT (Piascik
et al. 2014) on the LT was also obtained starting 1.5 d after dis-
covery and were reduced using the standard SPRAT pipeline
(Piascik et al. 2014) with a further flux calibration to a stan-
dard star from the Oke (1990) catalogue. Two epochs of optical
spectroscopy and one epoch of photometry were obtained with
the EFOSC2 imaging spectrograph (Buzzoni et al. 1984) on the
ESO New Technology Telescope as part of the extended Pub-
lic ESO Spectroscopic Survey of Transient Objects (ePESSTO;
Smartt et al. 2015). At each epoch both grism #11 (13.8 Å reso-
lution) and grism #16 (13.4 Å resolution) spectra were obtained
and were reduced using the custom pipeline described in Smartt
et al. (2015).
X-Shooter (Vernet et al. 2011) on ESO’s Very Large Tele-
scope (VLT) was used to obtain two epochs of optical and
near-infrared (NIR) spectroscopy. The spectra were initially re-
duced using the Reflex software package (Modigliani et al.
2010; Freudling et al. 2013) to produce two-dimensional spectra,
which were then extracted using a custom-built pipeline2. Spec-
troscopic observations will be made publicly available on The
Weizmann Interactive Supernova Data Repository (WISeREP)
3.
2.1. Swift X-ray observation
We observed the field of SN 2019bkc on MJD 58583.09 with the
Neil Gehrels Swift Observatory (Swift) X-ray telescope (XRT)
The XRT data were reduced using the HEASARC FTOOLS
pipeline xrtpipeline. In a circle with radius of 47′′ (this is the
90% encircled energy radius at 1.5 keV) centred on the optical
source position, we find two X-ray photons in an effective expo-
sure time of 2767 s. In a source-free circular region on the sky
close to the source with a radius of 200′′, we found 52 back-
ground counts, making the expectation value for the background
at the location of SN 2019bkc 2.9 counts. Following Kraft et al.
(1991), we derived a 95% confidence level upper limit of 4.5
source counts or 1.6 × 10−3 counts s−1. Using W3PIMMS4 with
NH = 5×20 cm−2 and a power law model with an index of 2.0 for
the assumed source spectral energy distribution (SED), we con-
verted this limit to an unabsorbed 0.2–10 keV flux of 6.6×10−14
erg cm−2 s−1, corresponding to a luminosity of < 6.3 × 1040 erg
s−1.
2.2. Host environment and redshift
SN 2019bkc was observed in a region densely populated by
galaxies (Fig 1, properties tabulated in Table 1), which contains
a galaxy group with members in the redshift range of 0.018 –
0.022. There is no host visible at the position of SN 2019bkc and
pre-explosion imaging from the Dark Energy Camera Legacy
Survey5 (DECaLS; Dey et al. 2019) puts a limit of g ∼ 24.7 mag,
r ∼ 23.9 mag, z ∼ 23.0 mag on any underlying non-detected
host. The brightest galaxy in the MKW1 group, NGC 3090, is
a giant elliptical galaxy with a redshift of 0.0203 (Morgan et al.
1975; Faber et al. 1989).
Similarly to Chen et al. (2019), we assumed that SN 2019bkc
is associated with the galaxy group, MKW1 (Morgan et al.
1975), and have adopted a redshift of 0.020 for the transient
for two reasons: firstly, this is the redshift of the most massive
2 https://github.com/jselsing/xsh-postproc
3 https://wiserep.weizmann.ac.il/
4 https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3pimms/w3pimms.pl
5 https://datalab.noao.edu/
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Fig. 2. (Top) The multi-colour light curves of SN 2019bkc from ZTF,
ATLAS, LT, GROND, and NTT. NIR observations are from GROND
and the LT. The grey dashed lines denote spectroscopic observations.
(Bottom) Colour evolution in u − g (blue), g − r (green), r − i (orange),
and i− z (red). The dashed line is the g− r colour curve of the Sim et al.
(2012) low-mass edge-lit double detonation (ELDD-L) model and SN
2019bkc is seen to be significantly bluer than this model. Also shown
are the g − r and r − i colour curves of iPTF16hgs (De et al. 2018a) and
SN 2010et (Kasliwal et al. 2012), with the latter requiring interpolation
to match the observed dates.
galaxy in the cluster and therefore the most likely host, and sec-
ondly, this is the mean of the redshifts of the galaxies in the clus-
ter. There is a more distant group of galaxies at z ∼ 0.2 imme-
diately surrounding the transient but exclude any of these as the
potential host on the basis that the photospheric-phase spectra
are a better match for SNe at z ∼ 0.02 (see Section 4).
Using Nine-year Wilkinson Microwave Anisotropy Probe
cosmological parameters H0 = 69.32 km s−1 Mpc −1, Ωm =
0.286, ΩΛ = 0.714 (Hinshaw et al. 2013) and a redshift of
z = 0.020 gives a luminosity distance, DL = 89.1 Mpc and
a distance modulus, µ = 34.75 mag. The Milky Way extinc-
tion in the direction of SN 2019bkc is E (B − V)MW= 0.05 mag
(Schlafly & Finkbeiner 2011) with an assumed RV of 3.1. We
take E (B − V)host = 0 mag due to the lack of obvious underlying
host and lack of Na i D absorption lines. At z = 0.02, the abso-
lute magnitude of any underlying host galaxy or globular cluster
would be fainter than Mg ∼ −10.1 mag, Mr ∼ −10.9 mag, and
Mz ∼ −11.5 mag, which is insufficiently deep to rule out most
globular clusters (e.g. Lyman et al. 2016).
3. Light Curves
The multi-colour photometry and colour curves of SN 2019bkc
are shown in Fig. 2 and the calibrated photometry is presented in
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Table 2. Table of optical and NIR photometry
MJD Band Apparent magnitude Facility
58546.02 u 18.1 ±0.2 LT
58548.88 u 18.59 ±0.07 LT
58546.02 g 17.74 ±0.05 LT
58546.87 g 17.68 ±0.02 LT
58548.88 g 17.89 ±0.03 LT
58553.88 g 20.27 ±0.04 LT
58554.86 g 20.85 ±0.05 LT
58555.85 g 21.37 ±0.08 LT
58556.85 g 21.4 ±0.6 LT
58557.89 g 22.1 ±0.4 LT
58559.03 g 22.4 ±0.3 LT
58546.02 r 17.58 ±0.05 LT
58546.87 r 17.54 ±0.04 LT
58548.88 r 17.66 ±0.03 LT
58553.88 r 19.59 ±0.04 LT
58554.86 r 20.06 ±0.03 LT
58555.85 r 20.69 ±0.01 LT
58556.85 r 21.0 ±0.2 LT
58557.89 r 21.1 ±0.3 LT
58559.03 r 21.8 ±0.3 LT
58564.87 r >23.1 LT
58546.02 i 17.69 ±0.03 LT
58546.87 i 17.68 ±0.04 LT
58548.88 i 17.74 ±0.02 LT
58553.88 i 19.55 ±0.06 LT
58554.86 i 19.99 ±0.03 LT
58555.85 i 20.42 ±0.06 LT
58556.85 i 20.8 ±0.1 LT
58559.03 i 21.5 ±0.4 LT
58546.02 z 17.76 ±0.04 LT
58546.87 z 17.71 ±0.04 LT
58548.88 z 17.76 ±0.02 LT
58553.88 z 19.22 ±0.06 LT
58554.86 z 19.67 ±0.05 LT
58555.85 z 20.09 ±0.08 LT
58556.85 z 20.3 ±0.1 LT
58557.89 z 20.7 ±0.3 LT
58555.86 H >18.2 LT
58559.06 g 22.4 ±0.1 NTT
58559.06 r 21.8 ±0.2 NTT
58559.06 i 21.5 ±0.3 NTT
58559.06 z 21.1 ±0.1 NTT
58550.26 g 18.41 ±0.02 GROND
58550.26 r 17.95 ±0.02 GROND
58550.26 i 18.00 ±0.02 GROND
58550.26 z 17.95 ±0.02 GROND
58550.26 J 18.55 ±0.03 GROND
58550.26 H 18.76 ±0.06 GROND
58550.26 K >19.4 GROND
58540.45 o >19.8 ATLAS
58544.43 o 17.9 ±0.1 ATLAS
58548.42 o 17.5 ±0.4 ATLAS
58552.41 o 18.7 ±0.5 ATLAS
58556.40 o 20.2 ±0.7 ATLAS
Table 2. The ATLAS non-detection and ZTF detection are less
than 20 hours apart (0.80 d) but are separated by ∼1 magnitude
in brightness (albeit in different bands, ZTF-g and ATLAS-o).
This suggests that the transient exploded some time close to the
non-detection.
Table 3.Multi-colour light curve properties including the absolute mag-
nitude at peak for each of the bands and the time for each light curve to
decay to half its peak luminosity.
Band Mpeak t+1/2
[mag] [d]
u −17.3 ± 0.1 -
g −17.19 ± 0.02 3.8±0.1
r −17.33 ± 0.03 4.3±0.1
i −17.15 ± 0.05 4.4±0.3
z −17.09 ± 0.03 4.5±0.4
The LT g-band light curve rises to a peak on MJD 58546.9±
0.5, which is 5 − 6 d after the ZTF detection. The riz bands also
peak around this time. The u-band is not observed on the rise,
but from the earliest ugriz SED we estimate a temperature of
∼ 8700 K, which suggests that maximum light in the u-band
occurred close to the first observation. We set our fiducial ref-
erence point throughout as the time of pseudo-bolometric maxi-
mum light, MJD 58546.02 ± 0.25 (see Section 3.2).
GROND observations at +4.24 d after pseudo-bolometric
peak brightness provide the only detection in the NIR and show
that the object was not NIR-bright – when the SED is fit with
a black body, no significant NIR excess is seen. NIR imaging
from the LT with IO:I provided a non-detection in H with a
limiting magnitude of > 18.2 mag at +9.84 d. Further obser-
vations showed a decay rate of ∼ 0.5 mag d−1 and a total decline
of 3.4 − 4.8 mag in ∼ 12 d across griz with the redder bands
decaying slower. Extrapolation of the g-band light curve gives
∆m15(g) ∼ 5 mag. The I-band light curve point of SN 2019bkc
at +18 d after maximum from Chen et al. (2019) is consistent
with a 56Co tail. The absolute peak magnitudes and times for the
luminosities in each band to decay by half their peak luminosity
are given in Table 3.
3.1. Comparison of light curves
In Fig. 3, we compare the gri-band light curves of SN 2019bkc
to those of various fast transients: the rapidly evolving SNe Ic
1994I (Richmond et al. 1994) and 2005ek (Drout et al. 2013),
the Ca-rich events iPTF14gqr (De et al. 2018b), iPTF16hgs (De
et al. 2018a), SN 2012hn (Valenti et al. 2014), and SN 2010et
(Kasliwal et al. 2012), the rapidly evolving unexplained tran-
sients, SNe 2010X (Kasliwal et al. 2010) and 2002bj (Poznanski
et al. 2010), and the unusual Ti-dominated OGLE-2013-SN-079
(Inserra et al. 2015). Fig. 4 shows how extraordinarily fast the
∆m15 decline of SN 2019bkc is in relation to other transients.
SN 2019bkc has an incredibly fast decline, with the previously
most rapidly declining objects SN 2005ek and SN 2010X seen
to be significantly slower.
The light curves of the low-mass edge-lit double detonation
(ELDD-L) model of a He-shell on the surface of a white dwarf
from Sim et al. (2012) is also shown in Fig. 3. This model has
a short rise time which match the early r and i light curves of
SN 2019bkc but fails to replicate the g band. The model is also
broader in i, cannot match the rapid decline seen in the three
bands, and reaches the 56Co decay tail earlier than SN 2019bkc.
Additionally, the shape of the light curve between the
ATLAS-o non-detection and the ZTF-g band detection is of in-
terest. We estimate the g-band upper-limit from the observed
ATLAS-o band limit using the assumption that the underlying
spectrum is a black body, which appears reasonable since the
spectrum at peak is still blue and relatively featureless. This re-
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Fig. 3. (Top) g-band light curves of various fast transients; SN 2019bkc
and the Ca-rich SNe 2010et , 2012hn, iPTF14gqr, and iPTF16hgs. The
red line is the ELDD-L model from Sim et al. (2012). The inset shows
the g band light curve with an estimated upper limit of 19.5 mag (green
star) derived from the ATLAS-o band magnitude of 19.8 assuming the
SED is a black body at ∼ 20000 K. (Middle) r or R band light curves
including SNe Ic 2005ek and 1994I, and the unusual transients SNe
2010X and 2002bj. (Bottom) i or I band comparison with the addition
of the Ti-dominated transient OGLE-2013-SN-079. The initial ATLAS-
o non-detection is treated as if it was in r and i respectively.
sults in a synthetic g magnitude limit of 19.8 > g > 19.1 mag
for temperatures in the range, 104 < T < 105 K. At T = 25000
K the g limit is ∼ 19.5 mag. The inset in the top panel of Fig. 3
shows that SN 2019bkc had a very sharp rise from non-detection
to detection before levelling off, this is difficult to reconcile with
a simple blast-wave approximation of L ∝ t2, and we note that
the light curve of Ca-rich iPTF14gqr showed a double-peaked
profile (De et al. 2018b).
3.2. Pseudo-bolometric light curve
The griz and ugriz pseudo-bolometric light curves of SN
2019bkc were constructed following the method in Prentice et al.
(2016) and are shown in Fig 5 compared to other fast-evolving
transients. A simple polynomial fit to the light curves shows it
reached a griz peak of (1.41 ± 0.06) × 1042 erg s−1 in 6.1 ± 0.4 d
after estimated explosion and ugriz peak of (1.9±0.1)×1042 erg
s−1 in 5.0 ± 0.4 d. The time for the griz light curve to decay by
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Fig. 4. Peak absolute magnitude in B or g as a function of decline rate
for a selection of transients and SN 2019bkc. Differences in magnitude
system and filter bandpass are negligible for the purpose of this plot
which shows that the rapid decline of SN 2019bkc is unprecedented
compared to the comparison objects. The SNe Ia data are from Galbany
et al. (2019).
half its peak luminosity is 4.01 ± 0.04 d. SN 2019bkc reached a
similar peak luminosity to 56Ni-driven core-collapse events but
approximately 10 times lower than that of thermonuclear SNe Ia.
A rise time of ∼ 5 − 6 d is short but not excessively so, whis is
similar to iPTF14gqr. However, its subsequent rapid decline is
only rivalled by that of kilonova AT 2017gfo (e.g. Drout et al.
2017; Smartt et al. 2017), but the two are not spectroscopically
similar.
On the assumption that the light curve peak is powered by
56Ni decay (and excluding in this scenario the presence of short-
lived radioisotopes), we use the analytical form of “Arnett’s rule”
(Arnett 1982) as given in Stritzinger & Leibundgut (2005) to find
the 56Ni mass required to give these peak luminosities. The rise
time of the light curve is taken to be ∼ 5 d by assuming the
explosion date to be midway between the ATLAS non-detection
and the first ZTF detection (MJD 58540.9±0.4). These values are
found to be MNi ∼ 0.031 M and MNi ∼ 0.037 M for the griz
and ugriz luminosities, respectively. This method also assumes
that the 56Ni is located centrally, which may not be valid for this
event (see Khatami & Kasen 2019), thus these values should be
considered upper limits.
We also estimated the ejecta mass Mej using the formulation
given in Arnett (1982) and expressed as
Mej =
1
2
(
βc
κ
)
τ2mvsc (1)
where β ≈ 13.7 is a constant of integration, τm is a timescale
of the light curve model which can be approximated by the rise
time, vsc is a scale velocity which we take to be a measured line
velocity around maximum light, and κ is the opacity, which is
assumed to have a constant value of 0.07 cm2 g−1 (for a discus-
sion on appropriate choices of κ see Taddia et al. 2018; Nagy
2018). Thus, using the ugriz rise time of 5 d and a scale velocity
vsc = 14 500 km s−1 from the Si ii λ6355 line (see Section 4), we
found Mej∼ 0.4 M.
4. Spectroscopy
Spectra of SN 2019bkc were taken over a 20 day period cover-
ing from shortly before maximum light until well into the de-
cay phase (Fig. 6). The epochs that spectra were taken at are
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Fig. 5. The griz (black solid circles) and ugriz (open black pentagons)
pseudo-bolometric light curves of SN 2019bkc (black) shown in com-
parison to the griz pseudo-bolometric light curves of Type Ic SN 1994I
(grey line), kilonova AT 2017gfo (Smartt et al. 2017), AT2018cow
(Prentice et al. 2018b), and fast blue transients PS1-10bjp and PS1-11qr
(Drout et al. 2014), Ca-rich SNe 2012hn (Valenti et al. 2014) and 2010et
(Kasliwal et al. 2012), and “ultra-stripped” Ca-rich iPTF14gqr (De et al.
2018b).
denoted with respect to the light curve in Fig. 2. The initial spec-
tra appeared photospheric but there was a rapid evolution to an
optically thin ‘nebular regime’, beginning at just 13 d post max-
imum. Analysis of the unusual late-time velocity shifts is pre-
sented in Section 4.2, while modelling of the photospheric phase
spectra is performed in Section 5.
4.1. Photospheric phase spectra
The first spectra around maximum light are blue with broad,
shallow absorption features in the range of 6000 – 7000 Å, with
these features becoming narrower between our −0.1 d and +0.8
d spectra (top panel of Fig. 6). We identify the blueward feature
as Si ii λ6355 (for the redward feature, we tentatively suggest
Ar ii, see Section 5) at a velocity of ∼ −15 000 km s−1. One
day later, +0.8 d after maximum, the Si ii velocity has decreased
to ∼ −13 000 km s−1 and the redward feature of the two has
weakened. Two days later, the spectra are still blue but less so
than previously seen and the Si ii absorption line profile with
v ∼ −10 000 km s−1appears to have narrowed, while the feature
to the red of it is very weak. There is evidence of P-Cygni-like
emission from the the Ca ii NIR triplet at 3.1 d. Absorption by
the O i lines around 7772 Å may be obscured by atmospheric
O2 absorption, which occurs in the 7590 – 7660 Å region in the
observer frame.
By +5.1 d, the spectrum of SN 2019bkc is substantially dif-
ferent. The 6000 – 7000 Å features have given way to a single
feature centred on the Si ii line, which is broader with an absorp-
tion minimum at v ∼ −11 000 km s−1, slightly greater than that
measured a few days before. This broadening of absorption lines
and “plateau” of the measured line velocities was also see in SN
2012hn (Valenti et al. 2014). This spectrum at this time shows
remarkable similarity to SNe Ic spectra 0 – 10 d after maximum
light, as is shown in Fig. 7. Unlike SNe Ic, the spectra of SN
2019bkc show considerable complexity in the region blueward
of ∼ 5000 Å with a series of broad features within which there
are narrower features. These features are not just noise, and the
inset of Fig 6 shows how this region evolves from +2.8 d to
+5.1 d, which covers the period the object was observed with
the NTT. Two absorption features at 4900 Å and 5010 Å are
seen and show no significant velocity evolution during the three
observations (∼ 2.3 d). These two features have a similar wave-
length difference as Fe ii λλ4924, 5018. If we hypothetically at-
tribute the absorption to these lines then the measured expansion
velocity would be ∼ −1000 km s−1, which is significantly lower
than the ∼ −11 000 km s−1 measured for the Si ii line. There is
no indication of a feature associated with the much stronger Fe ii
λ5169 line however, which suggests that the wavelength differ-
ence is coincidental. Additionally, if this line is associated with
the two absorption features then there is nothing which coincides
with the rest of the Fe ii lines, making this association unlikely.
We have taken this investigation a step further however.
Comparison of the +5.1 d spectrum with those of SN 1994I be-
tween maximum light and +10 d in Fig. 7 shows a curious offset
between the region dominated by Fe-group elements (< 5500
Å) and the intermediate mass elements (IME). In SN 1994I, the
line profiles in the region 4000 – 5400 Å at these epochs are at-
tributable to Fe ii, Mg i, Ti ii (Sauer et al. 2006). If the features
were to be formed by the same line transitions in SN 2019bkc
then they are some 8000 km s−1 slower than in SN 1994I, ef-
fectively at rest. This contrasts with the lines formed by IMEs –
Si ii λ6355, O i λ7772, and the Ca ii NIR triplet – which are seen
at a higher velocity in SN 2019bkc. This would require that the
line forming region of the Fe group elements is below that of the
IMEs, contrary to what is seen in SNe Ic (Prentice & Mazzali
2017).
Finally, a low S/N spectrum was obtained with the LT less
than three days later at +7.7 d after maximum light. Very little
can be obtained from this spectrum other than it shows no obvi-
ous signs of [Ca ii] and Ca ii emission lines, which appear strong
within two to three weeks of maximum in SNe Ic.
4.2. The extraordinary Ca-rich early nebular phase
We obtained two X-Shooter spectra at +12.9 and +19.6 d after
maximum covering the near-UV through NIR wavelengths, the
UV/optical spectra are shown in the bottom panel of Fig. 4 and
the NIR spectra in Fig. 8. Both optical spectra show a flux excess
above the continuum level in the range of 4500 – 6000 Å, which
becomes more prominent in the later spectrum. They also show
three evolving emission lines at ∼ 7000, 7700, and 8400 Å, and
possibly three at 3838 Å, 4472 Å, and 4726 Å. The NIR spectra
on these days are noisy and somewhat featureless when telluric
features are accounted for, with the only line being an absorption
around ∼ 11 200 Å. This feature remains unexplained as there
are no obvious lines in this aside from [Fe ii] in this region, but
these will not result in absorption, see Fig. 8.
The positioning of the optical emission features between
6500 and 8800 Å is difficult to reconcile with the rest wavelength
of any strong emission line that is commonly seen in SNe. How-
ever, if a redshift of some 10 000 km s−1 from the rest frame is
applied to the spectra then the main emission lines align with
those seen in Ca-rich transients (bottom panel of Fig. 9), which
correspond with [Ca ii] λλ7291, 7324, O i λ7772, the Ca ii NIR.
There are also two weaker features that may be [C ii] λ8727
(Perets et al. 2010) and OI λ9263 (Jerkstrand et al. 2015). If these
identifications are correct, the former is blueshifted by ∼ 4000
km s−1 and the latter by ∼ 9000 km s−1. In the blue, the appar-
ent emission line at ∼ 3838 Å could be Ca ii H&K blueshifted
by 10 000 km s−1. The two remaining features around 4472 Å
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Fig. 6. (Top) Optical spectra from LT:SPRAT and NTT:EFOSC2. The phases are with respect to maximum light. The inset highlights some narrow
features in the spectra that remain unidentified. (Middle and bottom) The raw VLT:X-Shooter UV and optical spectra (light grey) and binned to
5 Å (black). The outer edges of the UVB and VIS arms have been omitted from the binning process due to excess noise. Note that the region
between 5200 and 5800 Å is the inner boundary between the UVB and VIS arms. Due to the S/N any features here are unlikely to be real.
and 4726 Å remain unidentified as we find no line that is posi-
tioned at these wavelengths in the rest frame or with a velocity
of ∼ −10 000 km s−1. The velocity shifts are discussed further in
Section 4.3.
Given that the nebular spectra show that SN 2019bkc be-
longs to the diverse family of Ca-rich transients, in the top panel
of Fig. 9 we compare its photospheric spectra with four Ca-rich
events: SN 2012hn (Valenti et al. 2014), SN 2005E (Perets et al.
2010), SN 2010et (Kasliwal et al. 2012), iPTF16hgs (De et al.
2018a), as well as the “ultra-stripped SN” iPTF14gqr (De et al.
2018b) . The best spectroscopic match is to iPTF14gqr (at +7.2
and +10.96 d). We can find no good match with the other ob-
jects, even when we adjust the spectra of SN 2019bkc over the
redshifts within the galaxy group (z = 0.018−0.022). We do note
there is significant heterogeneity in the Ca-rich spectra, with SN
2012hn being a clear outlier in terms of appearance, where there
is no indication of the apparent He i features seen in iPTF16hgs
or SN 2010et.
The lower panel of Fig. 9 shows the +12.9 and +19.6 d spec-
tra of SN 2019bkc compared to the same sample of Ca-rich neb-
ular phase spectra, with the addition of PTF12bho (Lunnan et al.
2017). The emission lines at ∼7000 and ∼8400 Å seen in the
spectra of SN 2019bkc look similar to those seen in the Ca-rich
events (and associated with [Ca ii] and Ca ii, respectively). How-
ever, the [Ca ii] and Ca ii lines in SN 2019bkc display a signif-
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Fig. 7. SN 2019bkc +3.1 d and +5.1 d spectra compared with a sample
of SNe Ic (data from Patat et al. 2001; Filippenko et al. 1995; Foley et al.
2003; Modjaz et al. 2014). The comparison objects are shown at phases
from 0 to +10 d after maximum light. There are similarities between SN
2019bkc and these objects, especially in the +5.1 d spectrum. Without
our nebular spectra this transient could have been considered a peculiar
type Ic. Also plotted is the +5.1 d spectrum “corrected” for a velocity
offset of –10 000 km s−1. This now poorly matches the comparison SNe,
especially in the regions redward of 7000 Å. It demonstrates that the
earlier spectra are likely not affected by whatever process causes the
velocity shifts in the nebular spectra and that a redshift significantly
lower than z = 0.02 is incompatible.
Fig. 8. The X-Shooter NIR spectra at phases +12.9 d (top, grey) and
+19.6 d (lower, grey) and the binned spectra (black). Regions with tel-
luric absorption have been masked.
icant blueshift of ∼ 10 000 km s−1 compared to the rest wave-
length of these features, which is discussed in Section 4.3. The
+19.6 d spectrum, corrected for this offset velocity, is shown in
Fig. 9 in grey and the peaks of the Ca features are seen to agree
much more closely with the other objects after this correction.
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Fig. 9. (Top) Photospheric spectra of SN 2019bkc compared with the
Ca-rich transients SN 2012hn, SN 2005E, iPTF16hgs, SN 2010et, and
“ultra-stripped SN” iPTF14gqr. The spectra at this phase are heteroge-
neous and SN 2019bkc is most similar to iPTF14gqr. (Lower) Nebular
phase spectra of SN 2019bkc compared with the same transients plus
PTF12bho. Ca ii and [Ca ii] lines are denoted in red solid and dashed
lines respectively. To match the +19.6 d spectrum of SN 2019bkc to that
of SN 2005E requires a velocity shift of ∼ 10 000 km s−1 (grey).
4.3. Velocity shifts
Fig. 10 shows the nebular-phase spectra centred on the positions
of Ca ii λ8662 NIR, [Ca ii] λ7324 and O i λ7772 in rest-frame
velocity space for SN 2019bkc compared to SN 2012hn and SN
2010et. SN 2019bkc shows a blueshift in both the [Ca ii] and
Ca ii features, with an offset of ∼ 10 000 km s−1 from their rest-
frame positions. A blueshift in the [Ca ii] line in the range of
3500–5000 km s−1 was previously identified for SN 2012hn but
no shift was seen in its Ca ii NIR feature (Valenti et al. 2014).
As seen in Fig. 10, the spectra of SN 2010et are consistent with
no discernible blueshift, while the lines of SN 2012hn appear
blueshifted ∼ 4000 km s−1. Foley (2015) investigated velocity
shifts in the [Ca ii] lines of 13 Ca-rich events and found velocity
shifts of up to 1700 km s−1 but nothing close to the ∼ −10 000
km s−1 identified for SN 2019bkc here.
The Ca ii and [Ca ii] lines in SN 2019bkc may to be double-
peaked, but this is tentative as the spectra have a low S/N, see
Fig. 10. However, the [Ca ii] lines in the early nebular spectra of
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Fig. 10. (Left and centre) The spectra of SNe 2019bkc (line), 2012hn (dashed), and 2010et (dotted) centred in velocity space on the rest position of
Ca ii NIR (red), [Ca ii] λ7324 (green), and O i λ7772 (blue) respectively for +12.9 d (left) and +19.6 d (centre). A telluric feature is present in the
O i feature at ∼ 11 000 km s−1 and the peaks at −23000 and −18000 km s−1 for SNe 2012hn and 2010et, respectively, are the [Ca ii] features located
to the blue of this O i feature. (Right) The Ca ii NIR (black) and [Ca ii] (red) lines plotted in sequence for the two epochs. The +12.9 (+19.6)
d [Ca ii] lines have been shifted by ∼ −4000 (−1000) km s−1 in velocity space to match the position of the Ca ii NIR lines. This is a tentative
detection of a double peaked profile with relative velocity between the two peaks of ∼ 3500 km s−1.
PTF12bho (Lunnan et al. 2017) were double-peaked with δv ∼
5000 km s−1, although the line profiles became single-peaked in
the fully nebular phase. In iPTF15eqv (Milisavljevic et al. 2017),
both Ca ii lines were double-peaked (δv ∼ 5000 km s−1), with
[Ca ii] retaining this profile until at least 199 d after discovery.
There is no evidence of velocity evolution in the Ca ii NIR
line between the two observations shown in Fig. 10. The relative
position of this emission line in other Ca-rich transients and the
rest-frame wavelength of the NIR triplet gives a velocity offset
of ∼ −10 500 km s−1. Alternatively, aligning [Ca ii] λ7291 with
the red peak of the observed line gives a velocity of ∼ −12 000
km s−1 at +12.9 d and ∼ −8500 km s−1 at +19.6 d, which are
consistent with the Ca ii NIR velocity offset.
In both SN 2019bkc and SN 2012hn there is a feature in the
form of a broad emission “bump" between [Ca ii] and Ca ii NIR.
Valenti et al. (2014) do not attribute this emission to anything in
particular but its position is consistent with O i λ7772. Emission
from this line is seen in the early nebular phases of H-deficient
core-collapse SNe, so we continue on the assumption that the
feature is due primarily to O i λ7772 and measure a velocity
shift in the region of −8 000 to −10 000 km s−1 for this line. At
redder wavelengths, we have identified a feature at ∼ 9000 Å
that may be O i λ9263 (Jerkstrand et al. 2015). If the identifi-
cation of O i λ9263 is correct, then the velocity shift would be
∼ −9000 km s−1, which would be in rough agreement with the
velocity of the assumed O i λ7772 line. This would suggest the
O i-emitting region is also located at a similar velocity to the Ca-
emitting regions. No double-peaked profile is identified for the
O i feature but the region is strongly contaminated by a strong
telluric feature ∼ −11 000 km s−1 from 7772 Å.
Finally, we have excluded dust as being responsible for the
velocity offset. In circumstances involving absorption by dust,
the red wing of a symmetric emission profile is suppressed, lead-
ing to a line that is peaked blueward of the rest wavelength. Here,
the extreme velocity shift observed would require the original
emission lines to have a full width half maximum of ∼ 20 000
km s−1, suggesting it is very unlikely that dust is causing this
velocity offset to the blue.
4.4. Estimating [Ca ii]/[O i]
Calculating the ratio of [Ca ii] to [O i] line strength is a com-
mon analytical tool for Ca-rich transients to show how strong
the [Ca ii] line is compared with that in core-collapse (CC) SNe.
In previous Ca-rich SNe, the [O i] λλ6300, 6363 line appeared
several tens of days after maximum light (Valenti et al. 2014;
Milisavljevic et al. 2017). In Fig. 6 it appears as if there may be
emission features around ∼ 6300 Å in the +12.9 and +19.6 d
spectra. However, on investigation these are found not to be sig-
nificantly above the noise level of the spectra, thus we conclude
there is no clear emission from [O i]. This may be because the
spectra are too early, even accounting for the rapid evolution of
the light curve, or that the S/N is just too poor.
We estimate an upper limit to the [O i] flux by assuming that
the line is present and accounts for the entirety of the flux in a
region approximated by a Gaussian with the same width as that
of the [Ca ii] λ7291 line. Measurements were taken at two ve-
locity offsets; 0 km s−1 and the velocity measured for the [Ca ii]
of −10 000 km s−1. For the +12.9 d spectrum these upper limits
gave [Ca ii]/[O i] > 5.4 and > 5.4, respectively, and for +19.6 d
they were > 14.1 and > 10.8. The similarity in the values sup-
ports the argument that the observable “features” in the spectra
at ∼ 6300 Å are not real.
Fig 11 demonstrates that with these upper-limits, SN
2019bkc sits within the Ca-rich region of the [Ca ii]/[O i] pa-
rameter space and well outside that of CC events where the ra-
tio is typically < 1 − 2 (Valenti et al. 2014; Milisavljevic et al.
2017; Nicholl et al. 2019). [O i] is not seen in normal SNe Ia but
has been detected in one subluminous event (Taubenberger et al.
2013).
SN 2019bkc displays an absence of [O i] and a 1:1 ratio of
[Ca ii]/Ca ii. In SNe Iax, this has been attributed to a high-density
environment (Jha et al. 2006; McCully et al. 2014). However,
SNe Ibc typically have a [Ca ii]/Ca ii ratio of ∼ 1:1 but with
stronger [O i] emission in the early nebular phase. The He-shell
detonation models of Dessart & Hillier (2015) are also strong in
Ca ii and weak in [O i] due to a very low oxygen mass. The neb-
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ular spectra of SN 2005E showed [O i] emission at ∼ 2 months
after explosion. Nebular modelling of these phases reveals that
oxygen is ∼ 13% of the total ejecta mass (Perets et al. 2010). In
the case of SN 2019bkc, it may be too early for the [O i] line to
have developed due to the high density of the ejecta at this phase
or it may be that the ejecta is intrinsically oxygen deficient.
5. Spectral Modelling
We model the photospheric phase spectra at −0.1, +3.1 d, and
5.1 d with a Monte-Carlo 1D radiative transfer code (Mazzali
& Lucy 1993; Lucy 1999; Mazzali et al. 2000). This code has
previously been used to model SNe Ia (e.g., Mazzali et al. 2014;
Ashall et al. 2014), stripped-envelope SNe (e.g., Mazzali et al.
2017; Prentice et al. 2018a), and the Ca-rich event SN 2005E
(Waldman et al. 2011). The model spectra on Waldman et al.
(2011) used the results of He detonation models, specifically an
explosion model of 0.45 M CO core with a 0.2 M He envelope.
The resultant model spectra were seen to be rich in narrow Ti ii
lines and weak in Si ii lines.
The approach taken here is somewhat different as we have
assumed no specific origin for this object (e.g. white dwarf,
massive star). Rather than produce model spectra for a pre-
determined explosion profile, we start with a density profile and
attempt to match the shape of spectra of SN 2019bkc at three
epochs as best as possible by varying the luminosity L. The time
since explosion (t− texp) is also a key parameter in the model and
fortunately, the explosion time of SN 2019bkc is very well con-
strained by our non-detection (texp = MJD 58540.9 ± 0.4 ). Fol-
lowing the approach of previous works (e.g., Sauer et al. 2006;
Prentice et al. 2018a), we then aimed to match the line velocities
and the features present by varying the photospheric velocity,
vph, and the abundance of elements above the photosphere.
The observed spectra were absolute flux calibrated using the
available photometry and corrected for E (B − V)MW and the as-
sumed redshift of z = 0.02. The distance to the object is not
well constrained due to the affects of peculiar motions within
the cluster on the actual redshift of SN 2019bkc. We used a dis-
tance modulus of 34.71 mag as stated in Section 2.2 but note
that as T ∝ L1/4 ∝ D1/2L then the distance uncertainty will add an
additional uncertainty to the model parameters.
Given the similarity of some of the early spectra to SNe Ic,
the density profile used for the models is CO21, which was used
to model type Ic SN 1994I (Nomoto et al. 1994; Iwamoto et al.
1994; Sauer et al. 2006) This density profile has Mej ∼ 1 M and
Ek ∼ 1×1051 erg. SN 2019bkc has a rise time approximately half
that of SN 1994I, so in order to match the spectral evolution of
SN 2019bkc, the CO21 density profile was scaled in mass to give
total masses of 0.8, 0.6, 0.4, and 0.2 M. Only for the latter two
mass models did the density drop sufficiently fast with time to
form the spectra with an acceptable photospheric velocity, tem-
perature, and luminosity at the appropriate epochs. Of these two
models, the lowest mass density profile Mej ∼ 0.2 M provided
marginally better models. The mass scaling preserves the spe-
cific kinetic energy Ek/Mej, giving this model Ek ∼ 2 × 1050 erg.
Thus, from the models we find that Mej = 2 − 4 M, consistent
with the mass derived from the pseudo-bolometric light curve
using Equation 1, and with Ek = 2−4×1050 erg and Ek/Mej ∼ 1
(in units of [1051 erg]/[M]).
We assumed that the ejecta is completely defined by this
model setup and did not include a He envelope as used by Wald-
man et al. (2011). The lack of He lines in the observed spectra
suggests that either He is not present or the conditions are not
right to non-thermally excite the He present (Lucy 1991). In the
latter case we cannot rule out some dynamical effect on the ejecta
from transparent He.
5.1. −0.1 d spectrum
The −0.1 d (t − texp = 5.0 d) spectrum is approximately at max-
imum light. The SPRAT spectrum does not extend blueward of
∼ 4000 Å, so to constrain the blueward part of the model we
calculated a synthetic u-band using the LT SDSS-u filter pro-
file and match the spectrum to the dereddened photometry. This
spectrum (Fig. 12) is modelled with a photospheric velocity of
14 500 km s−1 and a black body temperature, Tbb ∼ 11 000 K.
We find that the spectra are much better represented with the
heavier elements found in the Waldman et al. (2011) abundance
distributions than those for SNe Ic, where the vast majority of
the ejecta is C and O with only trace Fe-group elements. The
main features in the bluest part of the model spectra are pro-
duced by Fe iii, Cr ii. Although Ti ii lines are present they do
not contribute significantly to line formation in any region of
the observed spectrum. These elements make up ∼ 4% of the
abundance distribution for this model. The broad double feature
between 6000 and 6600 Å is replicated on the blue side by Si ii
λ6355 and a series of Ar ii lines, mainly Ar ii λλ6638, 6639,
6643, on the red side. For the latter, C ii λ6580 was found to
appear too far blueward and the absence of a significant contri-
bution from He i λ5876 to the spectrum rules out He i λ6678.
Importantly, Ar constitutes 1−10% of the ejecta in the Waldman
et al. (2011) He detonation model, and 10% in this model, but
it is not present in abundance distributions of SNe Ic (see Sauer
et al. 2006; Mazzali et al. 2017).
5.2. +3.1 d spectrum
The +3.1 d (t − texp = 8.2 d) spectrum is the first observed with
the NTT and is the first to extend blueward of 4000 Å. This spec-
trum has a higher S/N ratio and resolution compared with the
earlier spectra and extends to shorter wavelengths. It also shows
a degree of complexity not seen in “normal” Type I events due to
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the number of features at wavelengths shorter than 5400 Å. The
model spectrum has Tbb ∼ 9300 K and a photospheric velocity
of 10 500 km s−1. The last u-band observation was 0.3 d prior to
this at ∼ 18.6 mag. The synthetic u calculated from the model is
∼ 30% dimmer than the extrapolated value, which itself has an
uncertainty of at least 10%. This may suggest that the tempera-
ture needs to be higher to increase the model flux in this region,
or that the quantity of Fe-group elements needs to be reduced to
decrease the effect of line-blanketing. Such changes would affect
the model spectrum in the observed region but without knowl-
edge of the actual spectrum in the u-band region the kind of fine
tuning required to investigate this further cannot be performed.
Despite the presence of Ar as 10% of the total ejecta mass
used at this phase, the Ar ii lines seen in the earlier spectra are not
replicated, which is consistent with the evolution of the ∼ 6400
Å feature in the observed spectra. As before, the features in the
blue side of the spectrum are predominately formed from Ca ii
H&K, Mg ii, Cr ii, Ti ii, and now Fe iirather than Fe iii oweing
to the lower temperature. On the red side of the spectrum we
see more lines formed from IMEs, Si ii λ6355, O i λ7772, and
Ca ii NIR. The strength and position of the O i line is ambiguous
however, owing to contamination by the O2 telluric feature. The
abundance of Fe-group elements in the model at this phase is
∼ 4%, the majority of which is 56Ni and Cr and ∼ 1% Fe and Ti.
5.3. +5.1 d spectrum
The +5.1 d (t − texp = 10.2 d) spectrum was modelled with a
photospheric velocity of 7500 km s−1 and Tbb ∼ 8300 K. At this
phase the model is producing narrow lines while those in the
spectrum are broader, which suggests that the slope of the den-
sity profile above the photosphere boundary at this point should
be flatter (i.e., the line forming region more extended) than we
have used. This behaviour is especially unusual however, as
broad lines are seen to give way to narrower lines in normal SNe.
Also, as noted in Section 4, this spectrum is rather peculiar, as
the Si ii line is broader and at a higher velocity than earlier. It
was also noted that, when compared with SN 1994I, the veloc-
ity of features associated with Fe-group elements in the blue are
apparently well below that of the IME velocities in the red. We
see that this is not reflected in the model spectrum, the IME lines
form at too low a velocity, while that of the Fe-group lines is too
high. As a consequence, the model cannot recreate the redward
extent of the blue wing of the pseudo-emission peak at ∼ 5500
Å. The IME line velocities could be better replicated by increas-
ing the total mass of the model used, which would allow the
photosphere to form at a larger velocity co-ordinate (as a test,
setting vph = 10 500 km s−1 proved to position these lines well),
but this adversely affects other aspects of the model. Firstly, it
would further increase the velocity of the line-forming regions
of the Fe-group elements, then to conserve the flux within the
spectrum (and therefore the luminosity), the temperature would
have to decrease which may lead to problems in matching the
spectral shape. Additionally, these affects would be seen in the
earlier two models. The difficulty in finding a model to match the
spectrum at this phase suggests that the structure of the ejecta is
complex, and it must be stressed that the spectra are effectively
nebular < 7 d after this observation so this spectra may not be
fully photospheric, which is a requirement of the model setup.
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Fig. 12. Spectroscopic modelling of SN 2019bkc (red) using a density
profile with Mej ∼ 0.2 M and Ek ∼ 2×1050 erg compared with observed
spectra at −0.1, +3.1, and +5.1 d (black). Prominent elements are noted
along with the u-band fluxes used to constrain the models. Also included
is the scaled ELDD-L model spectrum from Sim et al. (2012) (green)
at ∼3 d after maximum compared to our spectra of SN 2019bkc at a
similar phase.
5.4. Comparison of model properties
In Table 4 the properties derived from the spectroscopic models
of SN 2019bkc are compared with the He-detonation CO.45He.2
explosion model of Waldman et al. (2011) and the low-mass
edge-lit double-detonation explosions model EDDL-L of Sim
et al. (2012), both of which are modelled from CO white dwarf
progenitors with a He envelope. We also compare with the ultra-
stripped model of De et al. (2018b), which is of core-collapse
origin.
The total ejecta mass for our model of SN 2019bkc is smaller
by a factor of ∼ 2 compared with the two white dwarf ex-
plosion models, but is similar to that for the ‘ultra-stripped’
model. The specific kinetic energy is most similar to the ‘ultra-
stripped’ model at ∼ 1 and is marginally larger compared with
ELDD-L but is larger by a factor of ∼ 0.3 compared with
CO.45He.2. These results marginally favour a massive star pro-
genitor. However, we tentatively detected Ar ii in the spectra,
which is in agreement with the abundance profile of CO.45He.2
and is perhaps the strongest evidence for a white-dwarf progen-
itor. This is further supported by the difficulty obtaining a suit-
able model spectrum using a stripped-envelope SN-like abun-
dance, although we note that the abundance distribution used
is weaker in Fe-group elements (especially Ti) compared with
CO.45He.2/ELDD-L (Waldman et al. 2011; Sim et al. 2012).
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Consequently, we cannot say for certain that our results favour
one scenario over another.
6. Discussion
SN 2019bkc has shown itself to be rather unusual in several
ways, from the rapidly declining light curve and early spectra
with similarities to normal type Ic SNe to the high velocity shift
of ∼ 10 000 km s−1 seen in the [Ca ii], Ca iiand O i features in
the nebular spectra. We now discuss possible explanations for its
physical appearance and the environment that hosts it.
6.1. Why are the late-time emission lines so highly
blueshifted?
Shifts in the central positions of emission lines are seen in the
late-time spectra of SNe Ia with values in the range of ±2000
km s−1 (e.g., Maeda et al. 2010; Maguire et al. 2018). Velocity
offsets in forbidden lines of Ca and O have also been identified
in Type Ib/c SNe but the magnitudes of the shifts are signifi-
cantly lower with values of up to ∼1000 km s−1 (Taubenberger
et al. 2009). The Ca-rich transient sample studied to date showed
velocity offsets in their [Ca ii] features with respect to their rest-
frame positions ranging from zero to 5000 km s−1 and have been
seen as both redshifts and blueshifts (Valenti et al. 2014; Foley
2015). However, the blueshifts seen in the [Ca ii] and Ca ii emis-
sion lines of SN 2019bkc of ∼10 000 km s−1 are the highest seen
to date in any Ca-rich event and we tentatively identify a similar
blueshift in the O i 7772 Å feature. In this section, we discuss
some scenarios to explain these extreme velocity shifts.
6.1.1. SN 2019bkc as an asymmetric explosion
A very asymmetric explosion is a potential way to explain the
large velocity shifts seen in the nebular phase spectra of SN
2019bkc, with the Ca-rich (and O-rich) ejecta, or perhaps 56Ni
ejecta with trace amounts of Ca and O, ejected towards us at
high velocity. The velocity shift measured is the minimum total
velocity, this is in the case of the asymmetry being directly to-
wards us. Any other viewing angle increases the total velocity,
which increases the kinetic energy without increasing the mass,
so the specific kinetic energy increases. If the remnant is a com-
pact object then momentum could be conserved without the need
for mass ejected in the opposing direction, which we see no ev-
idence of. Asymmetry also affects the observed light curve in
both duration and peak magnitude (e.g., Sim et al. 2007; Barnes
et al. 2018). If the explosion was significantly asymmetric this
could explain the rapidly declining light curve through a reduc-
tion in the photon diffusion time and the velocity shift seen in the
nebular spectra. The main argument against this model is that the
photospheric-phase spectra are inconsistent with any significant
velocity shift when compared with other objects, see Fig 7 and
the emitting region at early times appears symmetric.
Alternatively, an asymmetric explosion gives an asymmetric
distribution of elements. 3D explosion models of core-collapse
SNe have shown that explosions happen through symmetry
breaking in the gain region, low pressure regions at the gain layer
allow shocked material pass through and unbind the star. The re-
sult of this process is plumes of material being ejected (Wong-
wathanarat et al. 2013; Summa et al. 2018). If the radioactive
material synthesised in the explosion was preferentially ejected
as a “blob” moving ∼ 10 000 km s−1 then the nebular emission
could be explained by the radioactive material exciting the ma-
terial around it. It also explains the fast light curve on the basis
of reduced photon diffusion time as the column density above
the material is greatly reduced of the centrally-located case. This
simplistic explanation is not without its own problems, however,
as it requires no radioactive elements anywhere else in the ejecta
as there is no emission at velocities significantly away from
∼ 10 000 km s−1. The underlying explosion scenario resulting
in this type of ejecta structure is also unexplained.
6.1.2. SN 2019bkc as an extreme line-of-sight motion object
Ca-rich transients have a preference for remote locations far
from the centres of their host galaxies. This has been confirmed
by Frohmaier et al. (2018) not to be a selection affect due to the
setup of transient surveys but something intrinsic to the explo-
sions. It has been suggested that Ca-rich events result from sys-
tems that have previously been kicked from the centre of their
host galaxies by interaction with a central supermassive black
hole (SMBH; Foley 2015). A potential correlation was identified
between the offset from the likely host galaxy and the velocity
offset seen in the [Ca ii] emission lines, with less offset objects
displaying larger velocity offsets. If we assume that the most
likely host galaxy for the object is the brightest cluster galaxy,
NGC 3090 at an offset distance of 95 kpc from SN 2019bkc, then
it was predicted it should have a velocity offset roughly consis-
tent with zero. However, it has the highest offset seen to date for a
Ca-rich event of ∼10 000 km s−1 and does not fit in this picture.
Even if it was associated with 2dFGRS TGN216Z084 (galaxy
‘B’ in Fig. 1) at a redshift of 0.019, it would have a separation of
34 kpc.
Milisavljevic et al. (2017) also discussed that if interaction
with a SMBH was responsible for the velocity offset seen in the
Ca features then it should also be seen in the O features and typ-
ically this is not the case, but our results suggest this may be the
case for SN 2019bkc where a potential O i feature blueshifted
by 8 000− 10 000 km s−1 may be present. Coughlin et al. (2018)
has explored the kick velocities that would be expected for sys-
tems interacting with SMBH and found that some systems could
have velocities greater than 10 000 km s−1. This in an attractive
solution for the velocity offset in the nebular phase but is incon-
sistent when applied to explain the photospheric phase spectra
that do not require a velocity offset. Therefore, we conclude that
this scenario is unlikely to explain the properties of SN 2019bkc.
6.2. Explosion scenarios for SN 2019bkc
The analysis presented so far has not resulted in a firm identi-
fication of a particular explosion scenario or progenitor for SN
2019bkc. In this section we discuss possible progenitor scenarios
and the pros and cons for each.
6.2.1. SN 2019bkc as a double-detonation event
In Fig. 2, we compared SN 2019bkc to a low-luminosity edge-
lit double-detonation model (ELDD-L) of a sub-Chandrasekhar
mass white dwarf by Sim et al. (2012). Even compared to this
extreme model, the light curve of SN 2019bkc is still signifi-
cantly faster and bluer in its g − r colour. The model spectra of
the ELDD-L model at 8 d past maximum are shown alongside
our models in Fig. 12. The spectrum peaks at ∼ 5500 Å and is
defined by copious narrow absorption features, mostly Ti ii and
Ca ii. This is not unlike the model spectra produced from the
explosion models given in Waldman et al. (2011). Comparison
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Table 4. Comparison of model properties.
Model Progenitor Mej Ek Ek/Mej Reference
[M] [erg] [1051 erg]/[M]
2019bkc - 0.2–0.4 2 – 4×1050 ∼ 1 This work
CO.45He.2† White dwarf 0.65 1.8 × 1050 ∼ 0.3 (Waldman et al. 2011)
ELDD-L White dwarf 0.66 ∼ 6 × 1050 ∼ 0.9 (Sim et al. 2012)
iPTF14gqr Massive star 0.2 ∼ 2 × 1050 ∼ 1 (De et al. 2018b)
†This model was used to create synthetic spectra which were then compared with SN 2005E in Waldman et al. (2011). The nebular
phase spectra of SN 2005E were modelled in Perets et al. (2010) and gave an ejecta mass of ∼ 0.3 M.
with our spectra at similar phases, however, shows very few sim-
ilarities. Our spectra peak towards 4000 Å, and while there are
several unidentified narrow features in the blue the spectrum has
a strong continuum and is rather sparse of features blueward of
6000 Å.
6.2.2. SN 2019bkc as a tidal disruption event by an
intermediate-mass black hole
There have been suggestions of a link between Ca-rich events
and the tidal disruption of a white dwarf by an intermediate
mass black holes (IMBH) (e.g. Luminet & Pichon 1989; Ross-
wog et al. 2009; Sell et al. 2015). A prediction of white dwarf-
IMBH tidal disruption models is that a thermonuclear explosion
can be triggered during the disruption that can produce a low-
luminosity optical transient (Rosswog et al. 2009; Clausen & Er-
acleous 2011; MacLeod et al. 2014, 2016) and if the impact pa-
rameter is relatively low then the ejecta may be Ca-rich (Kawana
et al. 2017; Anninos et al. 2018). The burning efficiency, how-
ever, may be too low to produce Ca in large quantities and will
depend on how much is required to explain the late-time spectra
of Ca-rich transients.
Other predictions of white dwarf and IMBH tidal disruption
models are that there should be soft X-ray emission resulting
from the accretion disk and potentially X-ray emission from a
relativistic jet (MacLeod et al. 2016). Emission from a relativis-
tic jet is strongly viewing angle dependent and is not expected
to be visible in all cases. The X-ray emission from the accretion
disk, however, should be visible from any viewing angle and is
expected to have a luminosity of ∼ 1041−1043 erg s−1 that last for
months to a year after the event. A handful of Ca-rich events have
been searched for X-ray signatures but no high-energy counter-
part has been identified to date (e.g. Sell et al. 2015, 2018). Our
Swift XRT upper limit of < 6.3×1040 erg s−1 was obtained ∼ 42
d after explosion, which would rule out most of the model range
for X-ray emission from an accretion disk for SN 2019bkc.
These models also predict strong viewing angle dependen-
cies in the observed optical properties due to a bulk orbital mo-
tion (MacLeod et al. 2016). It is predicted that the absorption
profiles in the photospheric phase could have an additional off-
set of up to 10 000 km s−1 to bluer or redder wavelengths. This
is not seen in the early spectra of SN 2019bkc that were found
through spectral modelling to be consistent with a stripped en-
velope SN or an unusual thermonuclear event with no velocity
offset needing to be applied. The line velocity shifts were only
seen in the nebular-phase spectra and this is not explained by the
bulk orbital motion scenario in tidal disruption event of a white
dwarf by an IMBH.
6.2.3. SN 2019bkc as a merger between a white dwarf and
neutron star or stellar-mass black hole
Metzger (2012) modelled the merger of a white dwarf with a
neutron star or stellar mass black hole and looked at the result-
ing properties of the accretion disk. The observables include a
light curve that rises to a peak on a timescale of ∼ 5 days be-
fore decaying rapidly, reaching peak bolometric luminosities of
1039 − 1041.5 erg s−1, and an ejecta that contains Ar with a to-
tal ejecta mass is between 0.3-1 M and ejecta velocities ∼ 104
km s−1. The properties of the explosion model are similar to
the observed SN 2019bkc, especially through the light curve,
although SN 2019bkc is more luminous at 1042.3 erg s−1. The ar-
gument against this model is that the ejecta is Ca-deficient and
so couldn’t explain the later appearance of [Ca ii] and Ca ii NIR.
Ca is an efficient coolant however, and would give rise to these
lines even if small amounts were present in the ejecta of such a
merger.
6.2.4. SN 2019bkc as an ultra-stripped SN
Ultra-stripped SNe (Tauris et al. 2013) arise from the core-
collapse of massive He stars that have been stripped of vir-
tually all the material above their Chandrasekhar-mass core
through binary interaction with a companion, most likely a neu-
tron star. The low ejecta mass of a few 0.1 M and low Ek of
1×1050−1×1051 erg leads to dim, rapidly evolving light curves
as the MNi synthesised is a few 0.01 M, the diffusion time is
short (Tauris et al. 2015; Moriya et al. 2017). The pre-explosion
abundance structure should be rich in the elements produced in
stellar nucleosynthesis; He, C, O, Mg, Ca, Si, S. At core-collapse
most of this material is left unburnt and contributes to spectro-
scopic line formation.
De et al. (2018b) interpreted iPTF14gqr as an ultra-stripped
type Ic SN. The spectra of this object and SN 2019bkc have
many similarities, including the nebular-phase spectra that are
undoubtedly Ca-rich in appearance and unlike those more usu-
ally seen in SNe Ic where the [O i] λλ6300, 6363 line domi-
nates. In terms of the light curve, SN 2019bkc is much faster,
but the overall colour evolution and temperature evolution are
not too dissimilar. iPTF14gqr had a double peaked light curve,
interpreted as shock-cooling from recently ejected He-rich mate-
rial from the companion star. Comparatively, we inferred that the
early g-band light curve of SN 2019bkc showed a steep rise and
a rapid levelling off. There is no evidence of He in the spectra of
SN 2019bkc, although this may be because spectral observations
began too late. The results of our spectroscopic modelling can
neither confirm nor deny that this transient is an ultra-stripped
SNe. Aside from the possible presence of Ar at early times the
model still remains viable for a CC event.
However, the explosion of a massive star apparently so far
from a star-forming region is much harder to explain with a CC
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event. Assuming that the life time of the progenitor star is < 40
Myr (Tauris et al. 2015) and that the host is the nearby elliptical
galaxy NGC 3090, then this object must have travelled at least
∼ 95 kpc in this time, placing places an lower limit on the veloc-
ity of ∼ 2300 km s−1. If the progenitor system was not ejected
immediately, and has any radial velocity component, then this
velocity must be significantly higher. It also stands to reason that
this requires NGC 3090 to have had some star formation in the
recent past in order to produce a NS/He-star binary system.
7. Conclusions
In this work we presented the discovery, observations, and anal-
ysis of the extraordinary Ca-rich transient ATLAS19dqr/SN
2019bkc. The event took place in the intracluster space of a
galaxy group with z ∼ 0.02. There is no source underlying the
transient in pre-explosion DECaLS images ruling out the pres-
ence of a faint host or globular cluster at approximately M > −10
mag.
A robust non-detection 0.8 d prior to the first observation
reveals a short rise, while the multi-colour light curves show
a clear peak at ∼ −17 mag approximately 5 − 6 d after the
non-detection. These components give a light curve shape that
is not consistent with a blast-wave approximation to the lumi-
nosity. The light curves then begin a remarkably rapid decline,
with ∆m15(g) ∼ 5 mag, making SN 2019bkc one of the most
rapidly evolving transients known. A pseudo-bolometric light
curve constructed from ugriz photometry reached a peak lumi-
nosity of Lugriz ∼ 1.9 × 1042 erg s−1in 5.0 ± 0.4 d giving a MNi
∼ 0.037 M.
The spectroscopic observations proved to be equally un-
usual. In the photospheric phase we find similarities to SNe Ic
but with considerable complexity in the spectra in the form of
weak and narrow features blueward of 5500 Å. In the late photo-
spheric phase (+5.1 d) we see an unusual situation with indica-
tions of high velocity IMEs but low velocity Fe-group elements.
There is evidence of an increase in line velocity and line broad-
ening in the Si ii λ6355 line at these times. The nebular phase
spectra display strong lines of [Ca ii] λλ7291, 7324 and Ca ii
NIR but with a measured blueshift of 10 000 – 12 000 km s−1.
Assuming that the peak of the emission line defines the velocity
then we see a change in [Ca ii] velocity from v = 12 000 km s−1
on day +12.9 to v = 9500 km s−1 on day +19.6. The velocity of
the Ca ii NIR line remains unchanged.
There is no detection of [O i] λ6300, 6363 at either the rest
wavelength or ∼ 10 000 km s−1 in the nebular spectra. Conse-
quently we measure only upper limits for the flux of this line
and the resulting [Ca ii]/[O i] ratio places the object firmly in
the region occupied by Ca-rich transients. We speculate that the
object may be O-deficient, or the ejecta density may be too high
and so it may be too early for the line to appear.
Three photosperic phase spectra were modelled using a 1D
radiative transfer code and reveal a low ejecta mass of Mej
∼ 0.2−0.4 M (consistent with 0.4 M calculated from the light
curve) with Ek ∼ (2−4)×1050 erg. Abundance profiles for SNe Ic
(Sauer et al. 2006; Mazzali et al. 2017) and He-detonation mod-
els (Waldman et al. 2011) were used as a starting basis for defin-
ing the input abundance of the models. We find that the early
spectra are mostly IMEs with ∼ 3 − 4% as a combination of
56Ni, 56Fe, Ti, Cr at velocities > 14 000 km s−1. A broad absorp-
tion feature, which is present in the earliest two spectra can be
explained by a combination of Ar ii lines along the abundances
found in the Waldman et al. (2011) explosion models. We note
difficulties in modelling the +5.1 d spectrum due to the odd ve-
locity profile. The tentative detection of an Ar ii line in the maxi-
mum light spectrum marginally preferences a thermonuclear ex-
plosion (possibly a He detonation) over a explosion of CC origin.
However, with a low ejecta mass and specific kinetic energy of
the ejecta Ek/Mej ∼ 1, it is more similar to ultra-stripped Ca-rich
iPTF14gqr than models of He-detonation and double-detonation
events.
SN 2019bkc was a highly unusual event with one of the
fastest ever light curve decline rate for an extragalactic transient.
It has been the hope that as we find more Ca-rich transients we
will better understand their nature. In particular, thanks to the
extreme velocity shift seen in the early nebular lines this object
has added to the overall diversity and now the picture seems less
clear. Our results show that the transient cannot be conclusively
attributed to a massive star or white dwarf progenitor and more
detailed modelling of the nebular-phase spectra, in particular, is
required to identify the most likely explosion scenario.
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